The segregation of the readily releasable pool of synaptic vesicles (RRP) in sub-7 pool which are differentially poised for exocytosis shapes short-term plasticity at 8 depressing synapses. Here, we used in vitro recording and modeling of synaptic activity 9 at the facilitating mice cerebellar granule cell to Purkinje cell synapse to demonstrate the 10 existence of two sub-pools of vesicles in the RRP that can be differentially recruited 11 upon fast changes in the stimulation frequency. We show that upon low-frequency 12 stimulation, a population of fully-releasable vesicles is silenced, leading to full blockage 13 of synaptic transmission. A second population of vesicles, reluctant to release by simple 14 stimuli, is recruited in a millisecond time scale by high-frequency stimulation to support 15 an ultrafast recovery of neurotransmitter release after low-frequency depression. The 16 frequency-dependent mobilization or silencing of sub-pools of vesicles in granule cell 17 terminals should play a major role in the filtering of sensorimotor information in the 18 cerebellum. 19 20 m was compensated at 80%. R s was monitored regularly during the experiment and 103 the recording was stopped when R s changed significantly (> 20%). PCs were held at -60 104 mV. The intracellular solution for voltage-clamp recording contained 140 mM CsCH 3 SO 3 , 105 10 mM Phosphocreatine, 10 mM HEPES, 5 mM QX314-Cl, 10 mM BAPTA, 4 mM Na-106 ATP and 0.3 mM Na-GTP. Parallel fibers were stimulated extracellularly using a 107 monopolar glass electrode filled with ACSF, positioned at least 100 µm away from the 108 PC to ensure a clear separation between the stimulus artifact and EPSCs. Pulse train 109 and low-frequency stimulation were generated using an Isostim A320 isolated constant 110 current stimulator (World Precision Instruments) controlled by WinWCP freeware (John 111 Dempster, Strathclyde Institute of Pharmacy and Biomedical Sciences, University of 112 Strathclyde, UK). The synaptic currents evoked in PCs were low-pass filtered at 2 KHz 113 and sampled at 100 KHz (National Instruments). 114 Simulation of transmitter release and Ca 2+ dynamics. Models for Ca 2+ -dependent 115 SVs fusion and replenishment (Millar et al., 2005; Wölfel et al., 2007; Sakaba, 2008) 116 were transformed into the corresponding ordinary differential equations and numerically 117 solved using Mathematica 10.0 (Wolfram Research).
INTRODUCTION 21
In neural networks, transfer of information largely relies on the ability of 22 presynaptic terminals to transduce information encoded by changes in action potentials 23 (APs) firing rate into changes in the release of neurotransmitters. During trains of APs, 24 the immediate tuning of synaptic efficacy is determined by the combination of multiple 25 parameters including AP frequency, past firing activities, number of release-competent 26 synaptic vesicles (SVs), also referred as the readily-releasable pool (RRP), probability of decapitated. The cerebellum was dissected out in ice-cold ACSF bubbled with carbogen 78 (95% O 2 , 5% CO 2 ) and containing 120 mM NaCl, 3 mM KCl, 26 mM NaHCO 3 , 1.25 mM 79 NaH 2 PO 4 , 2.5 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose and 0.05 mM minocyclin. Slices 80 were then prepared (Microm HM650V) in a ice-cold solution containing 93 mM N-Methyl-81 D-Glucamine, 2.5 mM KCl, 0.5 mM CaCl 2 , 10 mM MgSO 4 , 1.2 mM NaH 2 PO 4 , 30 mM 82 NaHCO 3 , 20 mM HEPES, 3 mM Na-Pyruvate, 2mM Thiourea, 5 mM Na-ascorbate, 25 83 mM D-Glucose and 1 mM Kynurenic acid (Zhao et al., 2011) . Slices 300 µm thick were 84 briefly soaked in a sucrose-based solution at 34°c bubbled with carbogen and containing 85 230 mM sucrose, 2.5 mM KCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 25 mM glucose, 0.8 86 mM CaCl 2 and 8 mM MgCl 2 before being maintained in bubbled ASCF medium (see 87 above) at 34°C until their use for experiments. 88 Electrophysiology. After at least 1 h of recovery at 34°C, a slice was transferred to 89 a recording chamber. In order to block inhibitory transmission, postsynaptic plasticities, 90 GABA B and endocannabinoid signaling, slices were continuously perfused with bubbled 91 ACSF containing blockers of GABA A , GABA B , NMDA , CB1 and mGluR1 receptors. To 92 do so, the following antagonists were added: 100 µM picrotoxin, 10 µm CGP52432 (3- on the length of the interstimulus interval (Brenowitz and Regehr, 2007) . For the two 142 other models ( Fig. 7G,F 
RESULTS

155
Low-Frequency depression at the granule cell-Purkinje cell synapse 156 In order to better understand the mechanisms underlying the large facilitation of frequencies (2, 50 and 100 Hz) and at near-physiological temperature (34°C) (Fig. 1A) . 166 As already reported in rodent cerebellar slices ( . 1B) . 196 At 2 Hz, the synaptic responses failed to facilitate ( Fig. 1A, C) and a sustained 197 stimulation of PF during hundreds of stimuli led to a near full blockage of synaptic 198 transmission ( Fig. 1D) . We named this rapid blockage of synaptic transmission "Low should be noted that a lack of LFD was observed for less than 5% of PC recorded in the vermis. These experiments were not taken in account for statistical analysis. Although it 204 has already been shown that action potential is faithfully initiated and transmitted along 
216
While the onset and the plateau of LFD were highly variable from one experiment 217 to another ( Fig. 1F) , these parameters stay stable for a given PC as long as the 218 recording of EPSCs could be maintained. In a series of 8 experiments, two LFD (LFD#1 219 and LFD#2) separated by a resting period of 5 to 10 minutes were successively elicited.
220
As shown in figure 1G , a full recovery of EPSC amplitude was achieved at the first After pharmacologically blocking all known postsynaptic signaling events and 229 therefore excluding a main postsynaptic contribution in LFD, these findings reveal for the 230 first time that a sustained activity at low frequency can almost completely silences the 231 release apparatus at GC terminals. 100 Hz applied in control condition and after LFD induction were compared ( Fig. 2D) . 251 Results showed that a full recovery from LFD was achieved within approximately 50 ms 252 or 5 stimuli at 50 Hz (normalized EPSC amplitude at the 5 th stimulus: 203.67% ± 10.9 for trains applied in control condition compared to 165.00% ± 21.29 for trains applied after 254 LFD, p=0.137, t-test, n=13) and 70 ms or 7 stimuli at 100 Hz (normalized EPSC 255 amplitude at the 7 th stimulus: 207.24% ± 43.45 for trains applied in control condition 256 compared to 191.12% ± 49.72 for trains applied after LFD, p=0.181, MWRST, n=27). 257 We then studied how the frequency of stimulation in the train influenced the ability be repeated several times after a recovery time ( Fig. 1F) , we systematically applied the LFD and LFD triplet protocols to each PC recorded. Strikingly, although the number of 279 stimuli was the same in both type of protocols (LFD classic or LFD triplet ; Fig. 3A, B) , 280 recovery from depression was highly influenced by triplet frequency: the higher the 281 frequency inside the triplets, the lower the level of recovery was seen to be ( Fig. 3B) . 282 For example, with triplets at 200 Hz during LFD triplet , synaptic transmission hardly (triplets at 100 Hz) successively applied in the same cells were both followed by the 290 application of a 100 Hz recovery train ( Fig. 4A, B) . Cumulative EPSC amplitudes were 291 determined, and the approximate number of quanta released per bouton for the whole 292 protocol (LFD or LFD triplet + recovery train) was estimated ( Fig. 4C) is another argument as to why this hypothesis cannot be retained.
316
A two-pool model accounts for basic experimental findings 317 Our data suggest a segregation of SVs into different pools at GC terminals, which the depressed model at high frequency reproduced a rapid recovery from the 350 depression, and was followed by facilitation ( Fig. 6D compared with Fig. 2 and a strong facilitation during sustained low-frequency stimulation ( Fig. 6F,G) . This is in 361 stark contrast to our experimental results that showed the opposite behavior of GC 362 synapses. Thus, although the latter two models successfully described several aspects recorded in the test trains were compared to those obtained from the application of a 398 similar train in a control condition (before LFD). As shown in Figure 7D , the amplitude of 399 EPSCs during the test trains increased proportionally to the length of the resting period.
400
More interestingly, after 1 min of rest, the first responses in the test train were still fully blocked ( Fig. 7E) whereas the amplitudes of the late responses (after stimuli # 11-12 in 402 the test train) were similar to the corresponding responses in the control train ( Fig. 7F) . 403 This demonstrates that after 1 minute of rest, no SVs from the fully-releasable pool were 404 ready to be released, despite partial reconstitution of the reluctant pool and the 405 replenishment of the fully-releasable pool by the reluctant pool. 423 conditions (Fig. 8A, B) . At the opposite, recovery from LFD was strongly reduced showed, the application of 10 µM EGTA-AM did not affect the basal release of glutamate 430 (Fig. 8C) signed rank test, n=6) ( Fig. 8D) .
435
DISCUSSION
436
The present work demonstrates that the release of glutamate and presynaptic Our results showed that reluctant SVs that cannot be recruited during single 445 stimuli at low-frequencies supports the release of glutamate during high-frequency train, 446 even after a full depletion of fully-releasable SVs (Fig. 2-4) . At GC-PC synapses, the 447 localization of fusion events are restricted to distances that do not exceeds tens of SVs differ by their Ca 2+ sensitivity and that 2 Ca 2+ sensors differentially shape glutamate 457 release during low-and fast-frequency stimulation (Fig. 8) . In central synapses, the Ca 2+ 458 sensors synaptotagmin 1, 2 and 9 are involved in fast synchronous release triggered by Both experimental data ( Fig. 7) and in silico simulation (Fig. 6) indicate that both pools are recruited sequentially (Fig. 7) , one cannot exclude additional (Fig. 2) . Finally, during high-frequency inputs, GC-PC synapses are able to 534 reset and standardized synaptic efficacy independently of the recent history of previous 535 events (Fig. 2) . minutes after the first had ended (LFD#1, green points). Traces correspond to averaged EPSCs recorded during LFD#1 and LFD#2 (green and blue traces, respectively) at the indicated stimulus numbers. Middle graph: Values of EPSC amplitude recorded at the 1 st stimuli of LFD#1 (green points) and LFD#2 (blue points).The lack of statistical difference (p=0.94, paired t-test, n=8) in EPSC amplitudes between LFD#1 and LFD#2 reflects a full recovery from depression after the resting period that followed LFD#1. Right graph: Superimposition of mean EPSC amplitudes recorded during LFD#1 (green points) and LFD#2 (blue points). The similarity between LFD#1 and LFD#2 was tested using a paired t-test. The values were statistically different for the entire experiment (p<0.001, n=8) but the 60 firsts response were statistically identical (paired t-test, p=0.08, n=8) . At the opposite, early responses were slightly reduced after application of EGTA-AM during recovery by 100 Hz train (p=0.031 at stimulus #5 and stimulus #6, signed rank test, n=6) (right panel).
